If the current pace of electronic device miniaturization is to continue, it is reasonable to think that the good use of the quantum properties of the electron will play a role in making this possible. Traditionally it has been the wave character of the electron that has been put to this use, resulting in devices such as the resonant tunnel diode 1 and the single electron transistor. 2 Another quantum property of the electron that only recently has received attention for its potential for information storage and processing is its spin. One of the most promising proposals for a spin electronic ͑spintronic͒ device is the spin transistor by Datta and Das. 3 In that device, electrons are injected from a ferromagnetic contact into a twodimensional electron gas ͑2DEG͒ and another ferromagnetic contact is used to collect the traveling electrons and analyze their spin. Switching action is achieved by the application of an external electric field, which affects the spin of the ensemble through the Rashba 4 effect. In this letter we see how, by making minimal changes to the device configuration proposed by Datta and Das, and by considering the bulk inversion asymmetry 5 ͑BIA͒ effects, we can create a family of information processing, storing, and retrieving devices. We start reviewing the effects in the 2DEG band structure and spin alignments of the combination of BIA and structural inversion asymmetry ͑SIA͒, and the consequences for the spin lifetime of the electrons in the 2DEG. Then, we describe our proposal for a spin transistor and make some estimates of its performance. Finally, we also describe two kinds of memory cells and a read head based on these effects.
For zinc-blende semiconductor heterostructures we can easily write a Hamiltonian describing both the SIA 4 and BIA 6, 7 contributions to the 2DEG lowest conduction subbands of a ͓001͔-grown structure
where H 0 is the spin degenerate part of the Hamiltonian, ␣ BIA (␣ SIA ) parameterizes the importance of the BIA ͑SIA͒ contribution-␣ SIA is commonly referred to as the Rashba coefficient-to the lowest nonvanishing order, i are the Pauli matrices and k i are the components of the in-plane electron wave vector k. For our forthcoming considerations it is important to study the spin configuration in k space that results from Eq. ͑1͒. When ␣ BIA ϭ0, the electron spins point in the 2DEG plane and perpendicular to k ͑see, for example, Fig In that case, no spin direction is specified for the ͓110͔ and ͓110͔ directions because the states are spin degenerate.
within a subband with opposite k have opposite spin is kept. This ensures that, in this single electron picture, there is no magnetism in the 2DEG.
The spin configuration in Fig. 1 for ␣ BIA /␣ SIA ϭ1 is much more interesting. In it, eigenstate spins can only point in one of two possible directions, namely ͓110͔ and ͓110͔, depending on the angle between k and the ͓100͔ direction. 9 The boundary of the two regions is at ϭϪ/4 and ϭ3/4. The condition ␣ BIA ϭ␣ SIA might be achieved by tuning the value of ␣ SIA through the application of an external electric field perpendicular to the 2DEG. 10 The value of ␣ BIA is primarily determined by the intrinsic properties of the constituent materials, and its magnitude can only be affected by the thickness of the 2DEG. 6 In this particular configuration, the component along ͓110͔ of an injected spin will always be aligned with the effective magnetic field 7 irrespective of k and, therefore, will not suffer from the different rates and axes of precession as described by the D'yakonov-Perel ' 11 ͑DP͒ mechanism of spin relaxation. Averkiev and Golub 12, 13 have computed the DP spin lifetimes of the different components for electrons in the ͓001͔ 2DEG. In particular, assuming the validity of Eq. ͑1͒, they see that the lifetime for spins along ͓110͔ is proportional to (␣ SIA Ϫ␣ BIA )
Ϫ2 . Figure 2 shows the spin lifetimes plotted from Eq. ͑19͒ in Ref. 13 , where i is the lifetime of the spin component along i. The values used in the computation are k F ϭ0.01 Å Ϫ1 ͑a degenerate 2DEG is assumed͒, a momentum scattering time p ϭ0.2 ps and ␣ BIA ϭ15ϫ10 Ϫ10 eV cm.
14 From this figure, we see clearly the resonant behavior of the lifetime when ␣ SIA ϭ␣ BIA . In what follows, we will describe how, by driving this component of the spin in and out of resonance through the action of an external bias, we can construct a series of spintronic devices. Figure 3 shows the operating principle of the resonant spin lifetime transistor ͑RSLT͒. The device layout is very similar to the Datta-Das 3 device, except that the ferromagnetic contacts must be designed so that their magnetization points in the ͓110͔ direction, as per Fig. 1 . Since the resonant spin direction points in the 2DEG plane, this may be easily achieved with a thin bar as in the figure. At first, an ensemble of spins pointing along ͓110͔ is injected in the 2DEG. The gate bias drives the lifetime of the injected spins on-or offresonance by setting ␣ BIA ϭ␣ SIA or ␣ BIA ␣ SIA , respectively. In the on state the spins would arrive aligned with the ferromagnetic collector, thus resulting in low resistance. In the off state, the spins are randomized before reaching the collector and a high resistance is measured.
This operating mechanism indicates some of the design considerations that the device must meet. Since its operation is based on the control of the DP relaxation mechanism, the injected electrons must undergo several momentum scattering events for proper functioning. This implies that the device must operate in the drift-diffusive regime. Thus, the fabrication requirements are less demanding than for the Datta-Das device, 3 which operates in the ballistic regime.
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Of course, the resonant spin lifetime will have a finite magnitude, due to either other relaxation mechanisms 16 or to higher order terms that have been neglected in the Hamiltonian. This finite lifetime in the on mode limits the maximum transit times the design can sustain. We can get an estimate of these lifetimes from measurements in ͓110͔-grown quantum wells. 16 There, the DP mechanism for spins perpendicular to the well is suppressed, and the resulting lifetime is increased to several nanoseconds.
The turn off time will be governed by the spin lifetime of the electrons in the nonresonant condition. This is a short time, of the order of a few picoseconds. 17 The turn on time is given by how fast the random spins can be evacuated from the channel and substituted for correctly aligned spins, which is again estimated by the transit time in the channel. Transit times of a few picoseconds or less 18 are achievable in the operation of high electron mobility transistors. Thus, one would expect operating frequencies of the order of a few hundreds of gigahertz; the limiting factor being the turn-on time. Of course, if a reduction of the transit time is pursued, care must be taken to ensure that the RSLT still operates in the drift-diffusive regime. An experimental demonstration of this device would be free from considerations of local Hall effect 19 because the orientation of the magnetizations would not be reversed.
There are other kinds of devices that can be constructed with these building blocks. If the gate bias in Fig. 3 is ap-FIG. 2 . The three diagonal elements of the spin lifetime tensor as a function of the ratio of the BIA and the SIA parameters. FIG. 3 . Operating principle of the resonant spin lifetime transistor. The gate bias drives the lifetime of the injected spins on-or off-resonance. In the on state the spins would arrive aligned with the ferromagnetic collector, thus resulting in low resistance. In the off state, the spins are randomized before reaching the collector and a high resistance is measured.
plied through a charged/uncharged floating gate, the device would behave as a flash memory. A different nonvolatile memory configuration is shown in Fig. 4 . In it, the gate bias is set to the resonance condition only during the read cycle and remains off at other times, thus reducing power consumption. Then, the ''0'' or ''1'' states would be given by the relative orientation of the magnetization of the emitter and the collector. The performance would improve because this memory can operate in the ballistic mode. Finally, we can envision a magnetic information readout head based on the configuration in Fig. 4 . Similar to giant magnetoresistance readout heads, 20 the magnetization of one contact would be pinned while the other follows some stored pattern.
Note added in proof. We have recently become aware of a similar work by Schliemann, Egues and Loss. 21 Their work emphasizes the treatment of quantum point contacts, which have different implications for the collection of spins from the extended contacts we consider in this work. 
